In the field of visual prosthesis research, it has generally been held that animal models are limited to testing the safety of implantable hardware due to the inability of the animal to provide a linguistic report of perceptions. In contrast, vision scientists make extensive use of trained animal models to investigate the links between visual stimuli, neural activities, and perception. We describe an animal model for cortical visual prosthesis research in which novel animal psychophysical testing has been employed to compensate for the lack of a linguistic report. One hundred and fifty-two intracortical microelectrodes were chronically implanted in area V1 of a male macaque. Receptive field mapping was combined with eye-tracking to develop a reward-based training procedure. The animal was trained to use electrically induced point-flash percepts, called phosphenes, in performing a memory saccade task. It is our long-term goal to use this animal model to investigate stimulation strategies in developing a multichannel sensory cortical interface.
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Implementation of a prosthetic device to substitute for normal vision in humans has been a goal of neural prosthetic researchers for over 30 years. During that time, fundamental studies of implantable devices, electrode materials, and human psychophysics have demonstrated that it is feasible to produce visual percepts (phosphenes) through stimulation of primary visual cortex (V1) by electrical currents.
Our approach to a cortical visual prosthesis, depicted in Fig. 1 , consists of implanted arrays of penetrating intracortical microelectrodes whose superstructures "tile" the surface of the cortex, with electrode lead wires connected to fully implanted electronic stimulator modules. Power for, and communication with, the stimulator modules will be accomplished through a transcutaneous inductive link. A transmitter coil on the surface of the scalp is driven by an extracorporeal transmitter connected to a video processing system whose real-time video camera provides visual input. Movement of the camera, or the image, can be tied to eye movements, thus avoiding the problem of an image that is stationary in the visual field. Although somewhat futuristic, it is conceivable that camera technology will develop so as to permit implantation of the camera directly into the eye.
As early as 1918, Löwenstein and Borchardt (1) reported that while performing an operation to remove bone fragments caused by a bullet wound, the patient's left occipital lobe was electrically stimulated, and the patient perceived flickering in the right visual field. Foerster (2) and Krause (3) reported similar cases of visual perception caused by electrical stimulation of the visual cortex during removal an occipital epileptic focus. The significance of these studies was that they demonstrated that the position of electrically induced visual percepts within the visual field was systematically related to the area of the occipital lobe that received the electrical stimulation. Urban (4) inserted electrodes through an occipital burr hole 3 cm above the inion and 3 cm from the mid-line for the purpose of ventriculography in six patients, one of whom one was blind. All patients, including the blind one, perceived spatial visual sensations of various colors and shapes. Stimulation of the human visual cortex by Penfield and Rasmussen (5) and Penfield and Jasper (6) revealed that phosphenes could be produced by electrical stimulation. Their subjects described the visual sensations as stars, wheels, discs, spots, streaks, or lines. In a 1962 study performed by Button and Putnam (7) , four occipital lobe electrodes with percutaneous wires were implanted into each of three human subjects, with the wires connected to an apparatus that varied the electrical stimulus amplitude and frequency based upon the output of a cadmium-sulfide photocell. The subjects were able to scan an area, holding the photocell in their hand, and grossly determine the location of illuminated objects.
Following the elucidation of cortical visual processing by Hubel and Wiesel (8) , the first opportunity to investigate chronic stimulation of the visual cortex resulted from a study by Brindley and Lewin (9) , in which a 52-year-old woman received an implanted stimulation system consisting of 80 platinum electrode discs, placed on the surface of the occipital pole. Eighty associated transcutaneously powered implanted stimulators were placed over most of the surface of the right cortical hemisphere.
Approximately 32 independent visual percepts were obtained. Brindley performed mapping studies and threshold measurements. Although some attempt was made to combine the phosphenes into crude letters and shapes, the implant did not prove to be of any practical use to the subject. Another subject received a second 80-channel implant in 1972 (10) (11) (12) (13) . Of the 80 implanted electrodes, and stimulators, 79 of them produced visual percepts of varied size and shape. These were meticulously mapped over 3 years. Dobelle (14-16), Pollen (17) and others continued to investigate stimulation of the visual cortex through surface electrodes, using relatively large electrodes placed on the pia-arachnoid surface in individuals who were totally blind, following lesions of the eyes and optic nerves. Dobelle et al. implanted at least three subjects with cortical surface arrays. They also tested the ability of the implanted subjects to use the perceptions produced by the electrodes to "read visual Braille" (16) . Reading rates were considerably less than what could be obtained by tactile Braille. One of these subjects, who had retained the electrode array implanted much earlier, received an improved computer-controlled image processing system to convert images into stimulus sequences (18) .
FIG. 1.
Left: Concept of an intracortical visual prosthesis. A camera captures the image and transmits stimulation patterns through a transcutaneous link. Stimulation of microelectrodes implanted in the visual cortex results in a perception of the image. In a practical system, the camera would be integrated into eyeglass frames and tied to eye movements. Right: Depiction of electrode tiles across the surface of area V1.
All of the reports cited above provided little insight as to how electrical stimulation of the visual cortex might be used to communicate complex visual information to the brain. Rather, these studies simply confirmed what had been known earlier: that spatial visual percepts can be produced by electrical stimulation of the visual cortex.
As an alternative to surface stimulation of the visual cortex, intramural and extramural studies were initiated in the early 1970s at the National Institutes of Health (NIH), for the systematic design, development, and evaluation of safe and effective means of microstimulating cortical tissue. By implanting floating fine-wire microelectrodes within the visual cortex, with exposed tip sizes of the same order of magnitude as the neurons to be excited, more selective stimulation could, in principle, be achieved, resulting in potentially more precise control of neuronal function. Studies of intracortical stimulation were initiated at Huntington Medical Research Institute (HMRI; Pasadena, CA, U.S.A.) in 1979 in which the feasibility of chronic intracortical stimulation of the sensorimotor cortex was established (19, 20) . These studies sought to establish margins of safety for intracortical stimulating microelectrodes. Brummer's (21) pioneering electrochemical work aimed at understanding stimulating electrode charge transfer eventually resulted in microelectrodes made from activated iridium.
Based upon studies by Bartlett and Doty (22) in macaques, as well as acute intracortical microstimulation studies that were performed in normal-sighted patients undergoing occipital craniotomy (23) , researchers at the NIH performed a short-term implantation of intracortical microelectrodes in a human volunteer. The initial questions to be answered by the short-term implant were: (i) does the visual cortex of a person, blind for a long period of time, remain responsive to intracortical microstimulation? and (ii) are the visual percepts induced through intracortical stimulation stable over months of stimulation?
Thirty-eight microelectrodes were implanted in the right visual cortex of a 42-year-old volunteer who had been totally blind for 22 years secondary to glaucoma (24) , near the occipital pole, for a period of 4 months with electrical access through percutaneous leads exiting the scalp. Thirty-four of the 38 microelectrodes initially produced spatial percepts with threshold currents in the range of 1.9-25 m A. Phosphene brightness could be modulated by varying stimulus amplitude, frequency, and pulse duration. At levels of stimulation near the threshold, the phosphenes were often reported as having colors. As the stimulation level was increased, the phosphenes generally became white, grayish, or yellowish. When two phosphenes were simultaneously generated, they appeared at different depths. When three or more phosphenes were simultaneously generated, they became coplanar. Intracortical microelectrodes spaced 500 m m apart generated separate phosphenes, but microelectrodes spaced 250 m m apart typically did not. This twopoint resolution was about five times greater than had previously been achieved with electrodes on the surface of the cortex. With some individual microelectrodes, a second, closely spaced phosphene was sometimes produced by increasing the stimulation current. As had been seen with cortical surface stimulation, phosphenes moved with eye movements. The 4-month study was concluded according to the informed consent protocol, by removing all extradural components.
The findings from these human studies have the following significance: it appears feasible to invoke point topographic visual percepts using both surface and intracortical microelectrodes. Using intracortical microelectrodes, visual percepts are typically smaller than those invoked by surface electrodes, the amplitude thresholds are up to two orders of magnitude lower than those of surface electrodes, they are stable over weeks to months, and these percepts can be crudely modulated by varying the stimulation parameters. However, these studies did not demonstrate that a multitude of the observed visual percepts be combined to form meaningful spatial patterns that mimic natural visual perception. More specifically, the assumption that a phosphene-based visual sensation can substitute for normal vision in the performance of daily tasks remains at best conceptual. Commonly referred to as a "score-board" approach, the functional utility of phosphenes assembled in a type of bit-mapped image has not been demonstrated, although the idea remains conceptually simple and attractive. Much of what is known about the function of the primate visual cortex comes from neural recordings studies, in non-human primates, with either single, or relatively small numbers of microelectrodes.
From the viewpoint of visual science, years of cortical physiology in animals suggest that the "bitmapped approach" may not be the most effective manner to produce artificial vision. Since the early study by Hubel and Wiesel (8) , it has been clear that V1 neurons are selective for spatial, temporal, chromatic, and binocular cues in addition to the location of a stimulus in the visual field. While a phosphene is some form of visual sensation derived from stimulation of a cortical location, it must at some level be composed of component sensations (conscious or not) involving orientation, direction, depth, color, and texture, because these are the signals carried by V1 neurons, regardless of how those neurons are activated. The location of a phosphene is only a partial description of a visual event. These, in addition to x and y (the location of the stimulus), are the tuning parameters of V1 neurons. To suggest that the location of a stimulus is available to the perceptual system, but not the features associated with it, is to imply that x and y represent a different type of information altogether.
These concepts are not new; in fact, various physiologists have succeeded in conveying specific non-topographical kinds of information to trained research animals by stimulating appropriately tuned cortical neurons. Stunning examples include the sense of self-motion (heading) (25) and the ability to judge tactile stimulation frequency (26) , both in macaques. However, perhaps for technological reasons, this physiologically motivated stimulation approach has existed somewhat independently of the phosphene idea-the combination of point stimulithat is pervasive in the visual prosthesis and engineering communities. It is not yet known which approach will prove more effective in practice, and certainly it is possible that a combined approach will be best.
It is the long-term goal of our work to develop an implantable intracortical system for restoration of vision in a large user population. To accomplish this, improvements are needed in implantable hardware for control and communication with large numbers of intracortical microelectrodes, long-term studies of the stability of intracortical microelectrodes relative to their electrochemistry and biocompatibility, and a more comprehensive understanding of how an implant comprised of hundreds, or thousands, of intracortical microelectrodes might manipulate the tuning properties, that is, the neural machinery, of the primate visual system. It is a strategy for, and progress on, this last need that is the subject of this study.
METHODS

Intracortical microelectrodes
We planned to implant 192 microelectrodes in 24 groups of eight, in area V1 of a male macaque. Activated iridium-oxide microelectrodes were fabricated from 30-m m diameter iridium wires and configured in eight-electrode arrays at HMRI and as individual "hat-pin" microelectrodes (24) 
Surgical planning
Preoperative CT and MRI scans of the animal's head were taken in order to plan the surgical approach, as well as to provide data files for the fabrication of scale-replica plastic 3-D models of its skull and brain. Using the plastic skull and brain models, and electrode/lead/connector mock-ups, a mock surgery was performed. At that time, we evaluated the approach for lead routing, and the placement of custom-fabricated polycarbonate connector holders.
Surgery
The animal was anesthetized and placed in a prone position on the operating room table with the head fixed in a standard primate frame. Using appropriate sterile techniques, a craniotomy was performed, exposing the lateral surface of the right occipital cortex, from the superior sagittal sinus medially to the transverse sinus laterally. A sterile template with dimensions determined during preoperative practice sessions with scale models was used to precisely guide placement of the craniotomy and connector sites. The dura was opened and microelectrode placement sites were identified on the cortical surface. The HMRI connector bank was attached to the skull with titanium screws. After routing each eight-electrode cable through an appropriate slot in a customdesigned comb alignment guide attached to the skull adjacent to the edge of the craniotomy, the HMRI microelectrode arrays were inserted into the occipital cortex using a high-speed insertion tool (Fig. 3) . Next, the hat-pin connector bank assembly was mounted on the skull anterior to the craniotomy site and the attached microelectrode lead bundles (eight wires each) were routed through a second customdesigned skull-mounted comb alignment guide and inserted freehand into the occipital cortex using specially machined forceps, generally being placed in more lateral positions than the HMRI arrays (Fig. 3) . Once all microelectrodes were inserted and their cortical locations photo-documented, the dura was closed and the bone flap was replaced. The entire operative site was covered with acrylic, incorporating most of the cables and the bases of the connector housings. Although we fabricated 192 microelectrodes, attrition of microelectrodes and connector contacts during fabrication of the arrays and connector housings, as well as during surgery, resulted in 152 microelectrodes being implanted.
Physical mapping
A 2-week postsurgical recovery period was allowed. During this time, wound healing was monitored, and minor mechanical problems related to the acrylic skullcap and connector housings were resolved. The connector housings were designed with an O-ring gasket on the covers to prevent any external fluid from leaking into the housings and corroding the connectors. Some initial modifications to the covers and gaskets were required to ensure integrity of the seals. Following the recovery period, each contact of the connectors was tested for continuity to a microelectrode. Each contact was connected to a custom-designed biphasic constant-current driver controlled by a computer interface. The battery-powered stimulator was optically isolated from the computer. The microelectrodes were driven with a continuous constant-current, biphasic, cathodal-first, 200 m s/ phase, 10 m A, 30 Hz pulse train. The microelectrode voltage waveform was captured on a virtual instrument computer-based oscilloscope and stored. A contact was judged as being connected to a microelectrode if the voltage waveform showed the typical features of an access resistance and a capacitive interface. Open contacts were clearly identifiable. We used high-resolution digital photographs, taken during surgery, to identify the physical location of each electrode.
Electrophysiology
We obtained neural recordings from the microelectrodes to determine whether the implanted microelectrodes, which were optimized for microstimulation, could be used in the reverse direction to map response properties of neurons surrounding each electrode. The animal was trained to visually fixate on a stationary point presented on a computer monitor placed 57 cm directly in front of it. To track the monkey's eye position, an eye coil, comprised of 50 m m Teflon-coated stainless wires, had been previously implanted in the eye, between the sclera and conjuctiva, with the lead wires brought out to a connector mounted on the skullcap. By seating the monkey at the intersection of orthogonal, oscillating magnetic fields, one vertical, the other horizontal, with frequencies of 60 kHz and 90 kHz, respectively, the gaze angle could be electronically determined.
Recording data were collected in trials. While the animal fixated, a 1 ∞ diameter flickering stimulus appeared for 1 s at one of 400 predetermined locations covering a 10 ∞ ¥ 10 ∞ area centered 4 ∞ left of, and 3 ∞ below, the fixation point. Note that when the animal fixates, the coordinate frame of the retina aligns with the coordinates of the screen, centered on the fixation point. Thus, coordinates specified in degrees of visual angle on the screen correspond to degrees of visual angle on the retina.
Neural recordings were made through 96 microelectrodes simultaneously with a Plexon 96-channel Multichannel Acquisition Processor capable of sorting and time-stamping spikes (action potentials) in real-time. For some channels, spikes could be isolated for a single neuron, but for most, the data collected represented input from approximately 5-10 neurons. Because neurons with similar response properties tend to form clusters in V1, multiunit samples are widely studied and generally reflect results obtained from single-neuron samples, usually with lower signal-to-noise ratios.
Psychophysical training
The animal was trained to perform a memory saccade task. Using operant conditioning, the monkey was trained to fixate on a stationary spot for approximately 1 s. During this time, a small spot was illuminated at a random location within the area mapped by the collected V1 receptive fields. The spot was only visible for 100 ms and thus constituted, essentially, a flash. After it disappeared, the animal was required to continue to fixate for another 1,000 ms, at which point the fixation point also disappeared. The monkey was trained to look (saccade) to the location of the target flash. If the animal's eye position was within a predefined spatial window, 500 ms after the offset of the fixation point, it received a liquid reward. The use of a memory rather than direct saccade task was crucial. In a direct saccade task, a spot appears and remains visible, and the monkey saccades to it. However, if that perception was produced by cortical stimulation, then it would appear to move as the eyes move, a consequence of cortical compensation for eye position. In the memory saccade task, only the memory of the flash persists. Because spatial memories do not shift with eye position, there is no apparent shift of the target. A computer-based instrumentation system presented the visual stimuli to the monkey while recording both the eye movement and the neural signals from each of the microelectrodes. The animal acquired the task over a 2-week period.
Electrical stimulation testing
Using the results from the spatial mapping studies, the receptive field coordinates for each of the implanted microelectrodes were estimated. Using the assumption that stimulation at a given cortical site produces the sensation of a visual event, a phosphene, in the part of visual space corresponding to the receptive fields of the stimulated neurons, the goal of this task was to train the monkey to look to this location. The computer-controlled stimulation system was used to drive the implanted microelectrodes with stimulus trials that were in synchronization with the eye coil data recording, and the presentation of the central fixation point on the computer monitor. The charge-balanced stimulator produced cathodic-first stimulation currents of 20 m A for the HMRI electrodes, and 10 m A for the NIH hat-pin electrodes. The stimulus duration for each phase of the biphasic waveform was 400 m s, with an interpulse interval of 5 ms. Each 1 s stimulus trial was comprised of three 200 ms pulse trains, with an intertrain interval of 200 ms, totaling three trains in 1 s. Different current amplitudes were used for the HMRI and the NIH electrodes to allow for the difference in electrode surface areas for the two types. The difference between the electrical stimulation trials and the psychophysical training was that for the latter both the fixation point and the stimulus were visual. In contrast to the visual trials, used for psychophysical training, for the electrical stimulation trials only the fixation point was visually presented, with the electrical stimulation substituting for the normal offcenter visual target stimulus. Our expectation was that the animal would treat the percept induced by the electrical stimulation in a manner similar to that of the visual stimulus, thus performing a saccade to the location of the stimulus in the receptive field. If the animal's saccade placed its measured eye position within the reward box, typically 2 ∞ on a side, centered around the known receptive field center for that particular electrode, it was given a fluid reward.
RESULTS
Electrode identification and testing
We identified 114 microelectrodes with intact electrical connections. The remaining 38 microelectrodes were ones that had known connection problems prior to, or during the surgery. These open connections occurred during manufacturing of the implantable hardware or due to damage of some of the microelectrodes during surgery. In no case did a connection to a microelectrode deteriorate following the surgery. A typical microelectrode voltage waveform is shown in Fig. 4 . Note the characteristic microelectrode voltage waveshape showing an access resistance and an electrode-tissue capacitive interface typical of that observed with activated-iridium films.
Receptive field mapping
Data from the receptive field measurements were stored in a large database and postprocessed with output in a graphical as well as a numerical format. Results showed clearly defined receptive fields for 48 microelectrodes, which were fit with 2-D Gaussian functions to obtain the central coordinates and size for each electrode. Receptive field results for four typical microelectrodes are shown in Fig. 5 . Using the receptive field coordinates in combination with the known physical location of each microelectrode, and published macaque maps, a retinotopic map of area V1 was constructed. This map allowed a cross-check of the field coordinates for the individual microelectrodes for consistency. There should be a strong relationship between the location of the receptive fields and the physical location of the microelectrodes in the cortex. As an initial test of this relationship, we regressed the eccentricity of the receptive fields from the fovea (measured in degrees of visual angle) and compared those to the measured eccentricity (from high-resolution digital photographs) of the microelectrodes from the cortical foveal region (measured in mm). Results showed close relationship ( r = 0.92, P < 0.001) between these two parameters.
Electrical stimulation
A subset of 33 electrodes was randomly chosen for electrical stimulation, the remainder being reserved for unspecified use in the future. At the start of the electrical training, the animal was probably confused initially, and did not obviously look toward the stimulated locations. Within approximately 2 weeks, the animal's gaze was demonstrably drawn toward the target locations, as illustrated in Fig. 6 . Each graph plots a region of the visual field roughly correspond- (Fig. 7) , we see a strong correlation in the horizontal dimension ( r = 0.87, P < 0.001) and a weaker correlation in the vertical dimension ( r = 0.50, P < 0.001), between the receptive field and the mean saccade endpoint, indicating a tendency for saccades to go toward the receptive fields. Because this was a correlation, any global bias in the eye movements does not factor in; that is, the correlation expresses only the relationship between the scatter of the receptive fields and the scatter of the saccade endpoints. We do not know why the vertical correlation was weaker. One possibility is that a subtle, persistent upward drift in the animal's eye position, common in fixating monkeys, tended to smear the vertical component of its phosphene percepts. The individual saccade endpoints, as seen in Fig. 6 , are fairly scattered; in some cases they are closer to the fixation point than the receptive field. However, all trials are plotted here, not just the ones which fell within the reward rectangles and thus rewarded. Many of the stray circles were probably the result of the monkey not making a saccade at all, perhaps maintaining straight-ahead fixation [thus a "saccade" with end coordinates near (0, 0)] in anticipation of the next trial. In any case, we emphasize that our training strategy was not designed to maximize saccade precision, but to maximize the speed at which the monkey acquired the basic task. This is because no monkey had been previously trained to perform a visual-related task based solely on direct cortical stimulation. With the certainty that this could be achieved, we would have trained with smaller reward windows and persisted until the animal caught on. As is typical of complex behavioral training, this could have taken many months, possibly more than a year. However, in this case, it was necessary only to demonstrate some correlation between stimulation site and saccade endpoint. The indicated strategy was therefore to use large reward windows, typically 6 ∞ on a side, thus maximizing the fraction of rewarded trials, which would in turn accelerate the rate of experience gained (feedback obtained) and thus hasten the onset of behavioral correlates. However, large reward windows allow the monkey to obtain a sufficient fraction of rewarded trials without needing to look at the precise location of his percept-to the extent that that percept is precise. Therefore, the saccade results here demonstrate only the feasibility of behavioral control through a cortical interface, and do not comment on the potential precision with which that control might be achieved.
DISCUSSION
Although humans report visual sensations when their visual cortex is electrically stimulated, the description of these percepts varies from subject to subject. It could be argued that the specific nature of electrically induced percepts is irrelevant as long as the information conveyed through stimulation is useful to the subject. Certainly, some experiences with cochlear implants have defied understanding by some auditory scientists, and there is a temptation to assume that any information in any form applied to a large intracortical array might be suitably interpreted by the cortex. Despite some remarkable successes with cochlear implants, previous attempts to communicate visual information to the cortex, even using a multitude of phosphenes, have not produced comparable results. Rather, there exists no experimental evidence that a technologically feasible array of cortical microelectrodes could produce useful vision. Many human psychophysical studies of simulated artificial vision in normal-sighted subjects have used either regularly spaced, or regularly sized simulated phosphenes, neither of which are likely to occur as the result of cortical stimulation using microelectrodes that are within our current technological grasp. It is our premise that in order to understand how an array of intracortical microelectrodes might be electrically manipulated to produce artificial vision, an animal model can yield important fundamental data about how the primate visual system interprets the artificial activation of its neuronal circuitry.
While animal experiments cannot replace human testing, there is still a great deal to be learned from non-human primate experiments, especially during the development phase of safe fully implantable hardware. Assuming a 900-electrode array could be implanted in a human today, we might expect to be able to simulate useful, if not realistic, visual inputs. However, even if the microelectrodes were optimally spaced, we have no evidence that the subject would be able to perceive an image any better than that shown in the extremely simplistic representation in Fig. 8(A) . The face is not clearly recognizable-not even as being a face-in spite of the relatively large 30 ¥ 30 grid it is mapped upon. It is a common misconception that the perception would necessarily look like Fig. 8(B) -that is, gray scale. Despite some suggestion of phosphene brightness modulation in earlier human subjects, we do not know how to systematically simulate the perception of brightness. Simplistically, we might assume that large stimulation currents and consequently large neural activity, following some strength-duration curve, corresponds to perceptual brightness, but even then, we do not know how to create graded responses. Because V1 neurons naturally encode such things as luminance, contrast, orientation, spatial frequency (texture), and depth at various image locations, restricting our stimulation strategy to a bit-map approach may severely limit the possibilities for artificial visual reconstruction. Using an animal model with large numbers of intracortical microelectrodes allows for the simultaneous development of safe implantable hardware with a discovery of how electrical stimulation can be used to directly communicate with the cortex. We have chosen the rhesus monkey due to its similarity to humans from the standpoint of visual cortex anatomy and function. In this study, the implantation of the microelectrodes tested our ability to use an animal model from the following standpoints: (i) although considerable effort was needed to design the head-mounted connectors and other associated hardware, the feasibility of fabricating hardware suitable for implantation of large numbers of intracortical microelectrodes was established; (ii) the feasibility of performing the complex surgical procedure with little to no postsurgical complications was demonstrated; (iii) we demonstrated neural recording and stimulation for a large number of intracortical microelectrodes over a period of many months. At the time of sacrifice, 18 months postsurgery, we were still able to record neural signals from most of the microelectrodes, thus indicating the mechanical and physiological stability of the electrode sites.
While we were confident that the animal could learn the visual memory saccade task, we were impressed by the ease with which it quickly adapted. Often the monkey was able to perform a series of trials with only 2-3 s between trials. When we switched to the electrical stimulation, the monkey apparently did not initially treat them as equivalent to visual stimuli, because it took about 2 weeks for the animal to adapt to using the electrically induced percepts in performing the memory saccade task. Although not entirely unexpected, it suggests that there is some, although perhaps subtle, difference between the visual stimuli and the electrical ones. What is significant is that the animal learned to use the electrically induced percepts to perform a task that formerly had been accomplished using visual stimuli. This would seem to be a first step in establishing a communication strategy with the cortex toward the goal of replacing vision.
While we define the memory saccade task as looking to the remembered location of a phosphene, it is conceivable that the animal never really saw a phosphene; instead, he might have sensed the electrode current in a non-visual way, presumably through somatosensory innervation of the vasculature, and figured out where to look, upon feeling something at that site, so as to get the reward. We cannot exclude this possibility, but we make the following points. This scenario would require the mapping of 33 inputs to 33 outputs, a relatively complex problem compared to the simplicity of making use of the existing mapping corresponding to the retinotopy of V1. To undertake such a de novo mapping would thus imply the absence of effective visual stimulation. Stated another way, it would be easiest to simply look at the perceived flash, if any such percept were available. Humans stimulated with similar currents consistently perceive phosphenes, which they are able to localize, though one cannot assume that monkeys necessarily perceive them as well. Still, the implication here would be that the sparse somatosensory innervation of cortex is more easily activated than the visual neurons in immediate contact with the electrodes. Also, it is important to note that the de novo somatosensory mapping would require that the identity of the inputs be resolvable. This implies that current at one site is detectable as separate from current at another site based solely on somatosensory (or at least non-visual) innervation. This itself cannot be excluded; however, it should be understood that this would amount to being able to feel the difference between the 33 inputs, if the animal was able to feel them at all. Moreover, while a somatosensory-to-retinal position mapping is not impossible at the subconscious level, it would seem unlikely in view of the highly precise, already existing mapping between cortical location and retinal position.
The data presented here can only be considered as preliminary, and our animal model needs to be subjected to more rigorous testing and analysis. However, 
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we feel that we have demonstrated the essential elements of using an animal model for visual prosthesis research. Ultimately, the ability of visual prosthesis to restore visual function to a large user population will be judged against other rehabilitation devices and techniques, including the simple cane or guide dog. In this regard, navigation or reading may not be the most compelling function to focus on for visual prosthesis development because for these functions there exist other, non-implant-related alternatives. However, important tasks such as face recognition or scene identification may be more significant and less likely to be provided for by competing technologies.
CONCLUSIONS
The feasibility of using an animal model for visual prosthesis research, compensating for absence of a language report, has been demonstrated. The model needs further development and testing in order to understand the appropriate interpretation of psychophysical results and the ultimate limit of the model. In considering a future human implant, with practical microelectrode technologies, there will emerge a trade-off between functionality and implant complexity. To optimize the use of a limited number of intracortical microelectrodes for restoring significant visual function, it would be advantageous to study strategies for communicating with the cortex, through the artificial interface, prior to the involvement of human volunteers so that the configuration of the implantable hardware does not limit the functional possibilities. As such, use of an animal model for safety and efficacy testing may enhance the scientific basis for a multimodal ethical-based decision process for testing implantable systems in human volunteers.
